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We developed a fabrication method for colloidal photonic crystal films and arrays with high quality
and uniform thickness without need for any lithography. The method, “directed enhanced evapora-
tion for colloidal assembly” (DEECA), employs a two-step process: a capillarity-induced infilling of an
aqueous dispersion of colloidal particles within the thin two-dimensional (2D) channel arrays, fol-
lowed by enhanced evaporation of water through the inlet, leading to laminar flow of the colloidal
dispersion and subsequent colloidal crystallization. DEECA was confirmed to be a fast, precise and a
cost-effective process with minimum loss of colloidal particles for preparing multiple opalline scaf-
fold structures toward on-chip integrated photonic bandgap device arrays. To prove this, 2D arrays of
poly(hydroxyethylmethacrylate) (PHEMA)-based inverse opal (I0) photonic gel pH sensors were fab-
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1. Introduction

For the past decade, two-dimensional (2D) and three-
dimensional (3D) close-packed structures of submicron-sized
colloidal particles have been extensively studied since they are use-
ful scaffold structures for various photonic crystal devices, such
as photonic gel sensors [1-6], reflective displays [7], solar cells
[8-10], and others [11-13]. Three-dimensional close-packed col-
loidal crystals, which are also known as synthetic opals, can be
fabricated by spin coating [14], vertical deposition [15,16], and
direct coating [17,18] from charge stabilized colloidal suspensions
inaqueous media. The driving force of the close-packed structure of
synthetic opal is primarily based on the capillarity of evaporating
water [19]. When a synthetic opal is fabricated via the capillary
force of drying solvent, the colloidal crystal film produced usu-
ally possesses a face centered cubic (FCC) {111} facet parallel to
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the glass substrate, which has the least surface energy compared
to other facets. Such {111}-faceted colloidal crystals can be effec-
tively utilized as templates for highly reflective photonic crystals.
The synthetic opal film can either be formed on a flat substrate or
in between two glass plates. As an example of the former, fabrica-
tion of colloidal crystal films was demonstrated by spin-coating a
concentrated colloidal dispersion in liquid mixtures with varying
composition [14]. Depending on the spin rate and solvent compo-
sition, large-area colloidal crystals were obtained with controlled
crystalline orientations and film thicknesses. Jiang et al., reported
that controlled drying of a colloidal suspension enables vertical
coating of a high-quality opalline colloidal crystal on a glass sub-
strate [16]. The method has been improved by Vlasov et al., by
applying thermal agitation of the suspension to prevent sedimen-
tation of the colloidal particles during vertical coating [15]. Park
and coworkers reported a rapid fabrication of colloidal crystal films
by vertical coating of a colloidal suspension via solvent evaporation
aided by nitrogen flow [20,21]. However, the vertical coating meth-
ods produce a large amount of wasted colloidal dispersion after
the coating process. Recently, we presented a horizontal coating
process with continuous addition of colloidal suspension, which


dx.doi.org/10.1016/j.snb.2016.03.013
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.03.013&domain=pdf
mailto:wonmoklee@sejong.ac.kr
mailto:wonmoklee@gmail.com
dx.doi.org/10.1016/j.snb.2016.03.013

S. Lee et al. / Sensors and Actuators B 231 (2016) 256-264 257

exhibits rapid colloidal crystallization without significant loss of
the colloidal suspension [18]. A simple design of the coating device
enabled rapid fabrication of a large-area colloidal crystal (2 x 2 cm?)
within 20 min, and the colloidal crystal film could also be coated
on a flexible polymer film by preparing a colloidal dispersion in an
alcoholic medium [22]. A major drawback of the coating methods
mentioned thus far is that it is difficult to obtain a uniform opal film
with a predefined thickness, and therefore the infilling of functional
materials within the opal template can be tricky. An opal film with
a desired thickness can be fabricated by crystallizing the colloidal
dispersion within a thin 2D channel. Park et al., have developed
a method to fabricate large-area opal films with a defined thick-
ness and area by flowing an aqueous colloidal dispersion within
a rectangular space while water is drained through a lithographi-
cally defined thin channel [23]. An opal film within a flow cell can
be appropriately used as a scaffold structure for the subsequent
formation of functional devices such as inverse opal (10) hydrogel
sensors. However, the fabrication time to obtain a 1 cm? opal film
was several weeks because of the slow drainage of water through
the thin channel. Miguez et al., developed a method called assisted
directed evaporation-induced self-assembly (ADEISA), where the
exact addressing of a colloidal crystal within a very thin channel
was demonstrated toward sophisticated photonic bandgap devices
[24]. In this study, we demonstrate a simple and rapid fabrica-
tion method for 2D opal film arrays, in which enhanced water
evaporation induces rapid colloidal self assembly within individ-
ual channels on a single substrate. The usefulness of the opal film
arrays was tested by utilizing them as template structures for the
fabrication of I0 photonic gel sensors.

2. Materials and methods

2.1. Preparation of PS ji-spheres, silica ju-spheres, and TiO,
nanoparticles

Polystyrene (PS) w-spheres with various particle sizes and
narrow size distributions were synthesized by emulsion polymer-
ization as reported elsewhere [25]. After purging temperature-
stabilized deionized (DI) water under N, flow for 1h, potassium
persulfate (Aldrich) as an initiator and sodium dodecylsulfate
(SDS, Aldrich) as a surfactant were added, followed by the quick
addition of styrene (Aldrich), which had been filtered through
activated alumina to remove the inhibitor. After finishing poly-
merization at 70°C for 4 h, the as-synthesized polymer dispersion
was filtered through pre-cleaned cotton fibers and poured into a
semi-permeable cellulose membrane tube (MWCO 12,000-14,000,
MEPI). The emulsion-filled tube was fully soaked in a 5-L beaker
containing DI water. The low molecular weight impurities in the
tube were removed in this manner. Fresh DI water was exchanged
every 4 h until the resistivity of the DI water in the beaker reached
10 MS2. The final aqueous dispersions contained ~10 wt% of poly-
mer -spheres. By controlling the amount of SDS in the reaction
batch, seven PS w-spheres with different particle sizes were synthe-
sized. The average particle sizes characterized by scanning electron
microscopy were 197 nm (PS 197), 226 nm (PS 226), 228 nm (PS
228), 238 nm (PS 238), 240 nm (PS 240), 260 nm (PS 260), 267 nm
(PS 267), and 300 nm (PS 300), respectively. The average particle
size and size distribution of the colloidal dispersion were charac-
terized using an electrophoretic light scattering analyzer (ELS 8000,
Otsuka electronics Co.). All the p-spheres showed a size distribu-
tion with a standard deviation of 5%.

Silica p-particles with two different sizes of 245 nm and 268 nm
were synthesized by a typical Stober process [26]. First, a mixture
A containing 0.8 M of ammonium hydroxide (Aldrich) in DI water
and a mixture B containing 0.1 M (or 0.2 M) of tetraethylorthosili-

cate (TEOS, Aldrich) in ethanol (Aldrich, spectrophotometric grade)
were prepared. Mixtures A and B were mixed with a 1:1 volume
ratio with vigorous stirring at 30°C, and the sol-gel reaction pro-
ceeded for 3h. The precipitate was centrifuged at 4000 rpm for
about 10 min, and then the sediments were washed with distilled
water five times.

Organically modified TiO, nanoparticles with an average par-
ticle size of 2 nm were synthesized by the sol-gel method in the
presence of acetylacetone as an organic modifier [27]. A mass of
5.006 g of acetyl acetone (AcAc) (Aldrich) was added to a round bot-
tom flask containing 34.06 g of 1-butanol (Duksan Chemical) with
vigorous stirring. Subsequently, 17.018 g of titanium n-butoxide
(Aldrich) was slowly added, and then the solution turned bright
yellow upon mixing. While maintaining the reactor temperature at
60°C, 1.9022 g of p-toluene sulfonic acid (Aldrich) dissolved in9g
of deionized (DI) water was added drop-wise to the precursor solu-
tion to conduct the sol-gel reaction for 24 h. The yellow product was
precipitated in an excess amount of toluene, and the precipitate was
subsequently centrifuged, washed with toluene and vacuum dried.

2.2. Fabrication of the multi-DEECA cell assembly

The cell assembly consisted of three major parts. All of the glass
parts were cleaned with Piranha solution (H»S04:H,05=3:1 by
volume) and rinsed with DI water several times prior to use. The
bottom substrate was a flat rectangular glass plate (4 x 5cm?2). The
top glass plate of the same size had drilled holes (diameter =1 mm)
that were placed at the top centers of the individual cells, and
it was rendered hydrophobic using 1 mM trichlorooctadecylsilane
dissolved in 2,2,4-trimethylpentane (Junsei) for 20 min. In order to
provide three thin spaces between two plates, 25-pm-thick Surlin®
film was cut into 4.5 cm-long lanes with a width of 0.7cm and a
spacing of 0.3 cm between each lane, which had open ends for infil-
tration of the emulsion and drying. The Surlin spacer for five lanes
was cut to have a width of 0.4 cm and a spacing of 0.3 cm between
lanes. Each spacer was cut using a plotter pen (CC330-20, Grahtec)
according to a simple bitmap drawing. The cleaned glass parts and a
spacer were stacked as shown in Fig. 1(a), with the top glass placed
slightly mismatched from the bottom substrate to leave room for
colloid injection, and Surlin was hot-bonded to each glass using a
hot-press apparatus at 70 °C to form ~20-um-thick channels.

2.3. Fabrication of 10 photonic gel sensor array with different gel
compositions

After degassing the colloidal dispersion of PS-228 by ultrasoni-
cation in a bath sonicator (SD-80H, Seong Dong), 2.4 L of PS-228
colloidal dispersion was measured exactly and infiltrated into each
channel, as shown in Fig. 1(b), which proceeded rapidly because
of the capillary force. After every channel was filled with disper-
sion, the holes on the top cell were taped so that water evaporation
occurred only on the front side of the channel. The evaporation
of water induced FCC stacking of colloidal particles, which usually
required 2-3 h (Fig. 1(c)). Fully dried PS opal films were annealed
at 90°C in a convection oven (LK-Lab Korea) to form necking
between the neighboring particles (Fig. 1(d)). Next, three differ-
ent monomer mixtures were prepared to be infilled within each
opal film. Mixture 1 contained 2.5 g 2-hydroxyethyl methacrylate
(HEMA, Junsei), 35mg acrylic acid (AA, Junsei), 25 mg ethylene
glycol dimethacrylate (EGDM, Aldrich), 75 mg Irgacure-651(Ciba
specialty Chemicals), and 0.625 g DI water. Mixture 2 was the same
as mixture 1, except that it contained 35 mg of methacrylic acid
(MA, Aldrich)instead of AA, and mixture 3 was also the same except
for 35 mg of vinylimidazole (VI, Aldrich) instead of AA.

An aliquot of about 1 pL of the each mixture was infiltrated
within the opal templates, as shown in Fig. 1(e), and photo-
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Fig. 1. Schematic diagram of fabrication procedures for the IO sensor array. (a) A top glass plate with drilled holes, a 25-pum-thick Surlin spacer, and a bottom glass plate are
assembled and bonded together; (b) a measured amount of aqueous PS dispersion is infiltrated into each of 7 x 45-mmZ2-wide channel, and, once every channel is infilled,
the holes on the top plate are closed using silicon tape; (c) colloidal assembly occurs on the front side of each cell because of the capillary force accompanied by drying water
flux; (d) dried opal films are annealed at 90 °C; (e) after removing the tape, different monomer mixtures are infiltrated into each cell; (f) photo-polymerization occurs by UV
irradiation; (g) after the top plate and the spacer are removed, the opal template is etched away with chloroform; (h) and finally the IO sensor arrays are transferred to the
aqueous analyte solution to show different swelling behaviors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

polymerization was performed using a high intensity UV-lamp
(SB-100P/F, Spectronics Corporation) through a home-made epoxy
filter (Hardex) for 1 h (Fig. 1(f)). Upon completion of photopolymer-
ization of the hydrogel, the top substrate and spacer were removed,
and the opal-templated hydrogel was dipped in chloroform (Duk-
san Pure Chemicals) for 24 h to remove the PS colloidal template
(Fig. 1(g)). Subsequent rinsing with chloroform and dipping in ace-
tonitrile (ACN, Duksan Pure Chemicals) produced iridescent color
arrays, showing the successful polymerization of I0 hydrogel struc-
tures. The hydrogel arrays were finally soaked in pH 1.5 phosphate
buffer solution via DI water to exhibit different swelling responses,
as shown in Fig. 1(h). The phosphate buffer solutions of various pH
values were prepared by mixing different volumes of 0.1 M KH, PO,
(aq.) (Duksan Pure Chemicals), 0.1 M HCI (aq.) (Samchun Chem-
icals), 0.1 M NaOH (aq.) (Samchun Chemicals). pH measurement
of the hydrogel sensor was performed using a pH meter (SP-701,
Suntex) at room temperature.

2.4. Fabrication of opal film arrays with different colloidal sizes
and an IO pH sensor array

To fabricate five opal films with different particle sizes on one
plate, five narrow channels (0.4 cm in width) were formed by cut-
ting Surlin film accordingly, and 1-p.L aliquots of the degassed PS
dispersions (PS-197, PS-226, PS-228, PS-238, and PS-240, ~10 wt%)
were infiltrated into each channel. After drying and annealing the
opal films, a 1-p.L aliquot of Mixtures 1 or 3 was infiltrated within
each opal film, and the entire cells were exposed to UV-light for
photo-polymerization. The following steps were the same for each
of the three sensor arrays.

2.5. Characterization of opal and IO films

To characterize the opal and IO films, high-resolution transmis-
sion electron microscopy (HR-TEM, Tecnai F20, FEI), and scanning
electron microscopy (SEM, S-4700, Hitachi) were used. The reflec-

tive colors of the IO films were analyzed using a DSLR camera
(DSLR-A550, Sony). The reflectance of the films was measured using
a fiber optic UV-vis spectrometer (AvaSpec, Avantes) connected to
a reflected light microscope (L2003A, Bimeince) through an objec-
tivelens (20 x /0.30 NA)as shownin Fig. 1(b).In each measurement,
the raw data of the reflected signal from the sample were refer-
enced by a silver mirror (Edmund Optics).

2.6. Calculation of the peak reflectance wavelength for opal and
10 films by a modified Bragg equation

Because of the long-range ordering of the colloidal opal struc-
ture, the fabricated opal films and 10 photonic gel films exhibited
structural colors due to Bragg diffraction of room light from the FCC
{111} layers, and the peak wavelengths (Apeai) of the diffraction
spectra normal to the plane of the opal are related to the particle
diameter d as follows.

)\peak = 1.633 xd x (fps« nPSZ +fair X nairz)l/2

=1.633 xd x Neff

where nps, ng;;, fps, and f,; are the refractive indices and filling fac-
tors of the PS and air, respectively; Typically, neg of PS opal film is
about 1.47, and that of silica opal is ~1.37. For an FCC IO structure
of PHEMA hydrogel, one can estimate nqg of hydrogel in water as
~1.38.

3. Results and discussion
3.1. Rapid fabrication of 2D opal film array

Our method is called “directed enhanced evaporation for col-
loidal assembly” (DEECA), and technically distinguished from
ADEISA developed by Ozin and coworkers in which very thin chan-
nels were created by a soft lithographic technique. Nonetheless,
DEECA is similar to ADEISA in a sense that a colloidal suspen-
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Fig. 2. PS Opal films fabricated by DEECA using PS267. Photograph of an opal film array by DEECA and by drop-cast opal (inset figure) showing red reflective colors, (b)
reflectance spectra of drop-cast (black) and DEECA-cast (red) opals showing peak reflectances (Apeax) at 648 nm for both films, and (c) cross-sectional SEM image showing
the uniform thickness of a DEECA-cast opal film. The inset shows a magnified view of the designated area. The scale bars in (a) and (c) respectively indicate 1 cm and 10 pm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Reflectance spectra of silica opal films of (a) silica-245, (b) silica-268 fabricated by drop casting (black curve) and DEECA (red curve) respectively. Inset figures in each
graph are the photographs of drop-cast film (left) and DEECA-cast film (right). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

sion is infiltrated within a channel by capillarity. With DEECA, we
aimed to fabricate opal films and arrays with high quality and
uniform thickness without any lithographic work, and DEECA can
thus provide a cost-effective process to prepare scaffold structures
for on-chip integrated photonic bandgap device arrays. The most
distinguished feature of DEECA is that different opal films or differ-
ent 10 structures can be on-chip integrated in a simple way. This
should be particularly advantageous for the fabrication of diagnos-
tic or environmental sensor arrays. The basic idea is to fabricate
2D arrays of rectangular channels with (1) a wide open end for
rapid water evaporation and subsequent capillarity-induced col-
loidal crystallization, (2) less than 100 wm of thickness to ensure a
evaporation-induced laminar flow of the colloidal dispersion, and
(3) a small hole drilled at the other side of the channel to facilitate
the infiltration of aqueous colloidal dispersions. (Fig. 1(a))

The shape of the channel was determined by the Surlin spacer,
which was cut using a plotter pen according to a simple bitmap
drawing. No sophisticated computer-aided design (CAD) tool or
lithographic tool was employed. Upon loading a calculated amount
of dispersion at the open end, each channel was filled by capillary
force, the concentrated dispersion began to dry, and the colloidal
particles were self-assembled along with evaporating water flux.
By capping the drilled holes with an adhesive tape after infilling
of a dispersion, evaporation and directed colloidal self-assembly
occurred only at the open inlet of the channels. For instance, the

evaporation of a 10wt% colloidal dispersion within the channel
created a ~5mm x 7mm opal film formation at the front side of
the channel, as shown in Fig. 1(c). Rectangular opal films can be
obtained within 1-2h through DEECA, depending on the parti-
cle size, which is substantially faster than the previously reported
methods in which particle packing was promoted by external pres-
sure and slow water drainage through a thin channel [1,23]. In
addition to rapid colloidal crystallization, a high-quality opal film
with uniform thickness could be obtained owing to the uniform
laminar flow of the colloidal dispersion within a thin (~20 wm)
channel toward the channel end and the accompanying directed
assembly of the opal film at the end of the channel [28]. Fig. 2(a)
shows the photographs of the opal films fabricated by DEECA using
PS267, which corresponds to a fabrication stage in Fig. 1(c). Since
the top glass plate surface was rendered hydrophobic, opal films
remained on the bottom plate upon disassembly of the glass plates.
Shown in inset of Fig. 2(a) is a drop-cast film from the same PS
emulsion. As shown in Fig. 2(b), Apeax of PS267 opal film appears
to be 648 nm which shows a good coincidence with the estimated
value of 641 nm from the modified Bragg equation. Since the red
reflective colors of the drop-cast and DEECA-cast opals in Fig. 2(a)
are hard to compare, the quality of the opal films was character-
ized using a reflectance spectrometer, as shown in Fig. 2(b), which
revealed that the full width at half maximum (FWHM) of a cell-
cast opal was ~20% narrower than that of the drop-cast film. An
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Fig. 4. 2 x 3 opal film arrays of PS197, PS226, PS260, and PS267 fabricated from double-cell arrays. (a) Schematic figure of a double-cell array with six individual opal films
cast in six channels and (b) a photograph showing six opal films cast in 2 x 3 cell arrays. Different reflective colors are shown. The scale bar indicates 2 cm. (See Fig. S2 for
more pictures). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

improved FWHM of a cell-cast opal film implies a better arrange-
ment of the opal array owing to the geometrical constraint effect of
the thin channel to direct opal assembly. As shown in Fig. 2(c), the
cell-cast opal film also showed uniform thickness corresponding to
the 25-pm-thick Surlin film used as a spacer film for the cell. In
addition, a large area opal film can be obtained by simply increas-
ing the channel size of DEECA cell without significant loss of film
quality (See Fig. S1).

The improved opal quality by DEECA-casting was more obvi-
ously manifested in the fabrication of silica opal film by DEECA.
Aqueous dispersions of silica particles with different sizes (245 nm
vs. 268 nm) were fabricated into opal films by drop casting and
cell casting. Fig. 3(a) and (b) are the reflectance spectra of silica-
245 and silica-268 respectively in which the inset figures show the
ring-shaped drop-cast films and DEECA-cast (rectangular shape)
films from the two silica particles. The opal films from silica-245
showed greenish blue reflective colors, while those from silica-268
exhibited orange colors. Just as PS opal films, silica opals by DEECA
show narrower reflection peaks than those by simple drop casting
due to better crystallinities of DEECA-cast opal films

For a better comparison, the peak reflectances of the DEECA-
cast opals were normalized to those of the drop-cast opals in
Fig. 3(a) and (b) although they both showed higher reflectances.
Like the PS opal fabrication, the silica opals fabricated by DEECA
showed narrower reflectance spectra compared to the drop-cast
ones, demonstrating that DEECA also resulted in better oriented
silica opal films.

The apparatus for DEECA was modified to obtain 2 x 3 on-chip
integrated opal film arrays. Fig. 4(a) is a 3D image of 2 x 3 opal film
fabrication, in which two top plates were placed on one bottom
plate to fabricate three channels of opal films (See Fig. S2 for more
images). Since the channels were physically isolated by the spacer
film, different colloidal dispersions or different precursor mixtures
could easily fill the individual channels. As shown in Fig. 4(b), 2 x 3
individual opal films exhibiting distinct reflective colors could be
successfully fabricated by DEECA. Since the major driving forces of
high-quality opal formation in DEECA are enhanced water evapo-
ration at the wide open end of the channel and the accompanying
laminar flow of the colloidal suspension within the thin chan-
nel, it allows diverse 2D arrangements of opal film arrays on rigid
or flexible substrates. Such features enable on-chip integration of
opal-based photonic bandgap devices by a relatively simple pro-
cess.

3.2. Photonic gel sensor arrays with different PS particles

As a demonstration of the on-chip integrated photonic device
using DEECA, a linear photonic gel sensor array was fabricated.
Five PS colloidal dispersions of different particle sizes were infil-
trated into a five-cell array, and the dried opal template arrays were
filled with the same precursor mixture of VI. In Fig. 5(a), the pho-
tographs from top to bottom were taken during infiltration of the
five colloidal dispersions, drying of the opal arrays, photo-curing
of the infiltrated precursor mixture, etching of colloidal templates
in chloroform, immersion of the sensor array in pH 2 buffer, and
finally immersion in pH 5 buffer, respectively. To help the reader’s
understanding, each stage of photonic gel sensor fabrication is
schematically drawn in Fig. 5(b).

The resulting 10 photonic gel arrays exhibited distinguishable
reflective colors in two different phosphate buffers according to
the pore size sequences of the photonic gels. Since the pore size
follows the sacrificed PS particle size, the color sequence of the
five photonic gels was in increasing order of Ape,i. In Fig. 5(c), a
series of reflectance spectra from the five photonic gels in two dif-
ferent pH buffers are shown. Each photonic gel contained VI, which
exists in a deprotonated (neutral) form at high pH while it proto-
nates below its pKj, (~pH 4.5). Since protonated VI has a positive
ionic charge, it causes swelling of hydrogel owing to Donnan poten-
tial developments, and consequently the color changed, as shown
in Fig. 5(a). In addition, the five peaks shifted together since their
chemical compositions were the same (i.e., HEMA/EGDM/VI). Thus,
the five peaks were red-shifted at low pH (pH 2) and blue-shifted
together at high pH (pH 5). By tracking Ao of the reflectance spec-
tra with pH variation, we could obtain the pH-dependent response
plots shown in Fig. 5(d). The Ay data were averaged from two
independent measurements, and the corresponding error bars are
included in Fig. 5(d) showing a good reproducibility of pH sensing
experiment. Instead of VI in the copolymerized gel, the photonic
gel sensor arrays containing an acidic monomer AA were fabricated
using the same series of PS templates, and pH sensing experiments
showed that an opposite color changing behavior. (See Fig. S3)

An 10 photonic gel composed of HEMA/EGDM/VI fabricated by
DEECA was analyzed by SEM, as shown in Fig. 6. As expected by
the narrow reflectance peak and the shiny reflective color in Fig. 5,
the SEM images of 20-pm-thick IO film in Fig. 6(a) and (b) clearly
revealed a well-made 10 structure with an FCC {111} facet parallel
to the substrate surface as shown in Fig. 6(c).
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showing red-shifted peaks at pH2 and blue-shifted peaks at pH5, respectively, and (d) plot of the average pH-dependent \,e.x changes of the five sensors measured from
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referred to the web version of this article.)

A

Fig. 6. SEM images of an 10 photonic gel. (a) Side view, (b) enlarged side view, and (c) top view. Scale bars in a, b, and c respectively denote 10 um, 2 wm, and 1 pm.

3.3. Photonic gel sensor array with chemically different hydrogels pH-sensing monomers were practically the same as those shown
in Fig. 6(b) except for the infilling of a same-sized PS dispersion and

In order to fabricate a photonic gel sensor array consisting of the infilling of different monomers within the opal templates.

chemically different hydrogels, a linear array of three opal films
of PS238 was fabricated from 10wt% aqueous colloidal disper-
sion, which was subsequently infiltrated with different precursor
mixtures (HEMA/EGDM/AA, HEMA/EGDM/MA, HEMA/EGDM/VI) in
each respective cell, as schematically shown in Fig. 7(a). The fab-
rication procedures for the pH sensor arrays containing different

Because AA, MA, and VI have different pH-dependent
protonation-deprotonation equilibria, changing the buffer pH
resulted in different local ionic charges within each IO hydrogel,
which caused distinct swelling responses and the correspond-
ing color changes, as shown in Fig. 7(b). (See Fig. S4 for more
pictures of photonic gel arrays) By tracking the peak reflectance
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Colloidal
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Infilling
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& Curing
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pH<5

Fig. 7. Three 10 photonic gel pH sensor arrays of AA, MA, and VI integrated on a single substrate. (a) Schematic illustrations of the photonic gel fabrication procedure, (b)
color responses of the photonic gel pH sensors at different pH values, and (c) Apeak Vs. pH plots of the sensors. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Colloidal
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Fig. 8. TiO; nanoparticle IO films fabricated by DEECA using PS 267 for opal and acac-modified nano TiO; for IO. (a) Photographs and (b) schematic illustrations showing
three stages of TiO- 10 fabrication of PS opal, infiltration/drying of 10 wt% TiO, nanoparticle dispersion in ethanol, and calcinations to remove PS opal and leave TiO; 10 film;
(c) an SEM image of a fabricated TiO; IO film; and (d) a magnified SEM image of the TiO; IO structure. Scale bars in c and d respectively indicate 10 wm and 500 nm.

(Apeak) of the reflectance spectra with pH variation, we could response showed a symmetric pH dependence of Npe, compared
obtain pH-dependent response plots, as shown in Fig. 7(c). AA to the responses of AA- or MA-containing photonic gel sensors
and MA are acidic monomers with different pKa, and thus the because of its basic characteristic, in which the protonated form
pH-dependent sensor responses resembled each other but showed at low pH is positively charged to swell the photonic gel. The
inflection points at different pH values. The VI-containing sensor pH-dependent swelling/deswelling features of AA-, MA-, and VI-
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containing photonic gels are demonstrated in Fig. 7(c). In S-5, two
different batches of AA/VI-containing IO sensor arrays were fab-
ricated and pH-dependent sensor responses exhibited excellent
reproducibilities in color changes and reflectance changes.

3.4. TiO, IO film by template by DEECA opal film

DEECA-based opal film can be applied not only to the fabrica-
tion of photonic hydrogels but also to that of inorganic IO films.
As shown in Fig. 8, we fabricated TiO, IO film arrays using DEECA
by infiltrating a highly concentrated dispersion of organically mod-
ified TiO, nanoparticles (~10% in ethanol) within opal arrays and by
subsequent drying and thermal calcinations in a furnace. Fig. 8(a)
and (b) are the photographs and the schematic illustrations of the
fabrication procedure for TiO, IO film templates by DEECA-opal.
In a previous report, we demonstrated that organically modified
TiO, nanoparticles can be effectively infiltrated within a PS opal
template by repeated spin coating of a TiO,/1-butanol dispersion
[27]. In this study, however, a TiO,/ethanol dispersion infiltrated
the opal template in the presence of a top glass plate. An excessive
amount of TiO, nanoparticle dispersion that had infiltrated within
the channel by capillarity was slowly dried to fill the interstitial
spaces between PS p-particles with TiO, owing to its tiny particle
size (~2 nm, see Fig. S6 for HR-TEM image), and an 10 structure of
TiO, after thermal calcination was confirmed by SEM analysis, as
shown in Fig. 8(c) and (d). Although there were many cracks in the
films due to a significant volume shrinkage during calcination of the
PS/TiO, binary opal film originating from the loss of acetylacetone
organic ligands, the formation of an FCC IO structure as shown in
Fig. 8(d) clearly demonstrated that DEECA is again a useful method
to fabricate inorganic IO films as well as organic photonic gels.

4. Conclusions

We successfully demonstrated a simple yet useful method,
DEECA, for the rapid fabrication of opalline photonic crystal films
without lithography. Two major driving forces—the capillarity-
induced infiltration of a colloidal dispersion of PS or silica
-particles and the evaporation-induced laminar flow and sub-
sequent colloidal crystallization—provided high-quality opal films
within 2 h. An additional advantage of DEECA is that further appli-
cations of opal templates are facilitated by capillarity-induced
infiltration of precursors within interstitial spaces before the
removal of the top plate. This feature was confirmed by (1) infil-
tration of a hydrogel precursor followed by photo-polymerization
and subsequent chemical etching of the PS opal to make IO pho-
tonic gel sensor arrays and (2) infiltration of an ethanol dispersion
of TiO, nanoparticles followed by drying and thermal calcinations
to etch off PS to yield TiO, inorganic IO films. From the point of
view of processibility, DEECA will find a variety of practical appli-
cations where on-chip integrated opal-based or I0-based photonic
bandgap devices are employed in a cost-effective way.
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